To assess retinal function in individuals with type 2 diabetes with no retinopathy or nonproliferative diabetic retinopathy (NPDR) and determine the relationship between retinal function and retinal vascular caliber. METHODS. A full-field electroretinogram (ERG) and retinal vascular caliber measurements were performed in subjects with nonproliferative diabetic retinopathy (NPDR, n ϭ 10), diabetic subjects without retinopathy (no-DR, n ϭ 18), and normal control subjects (n ϭ 18). The response amplitudes and implicit times of scotopic and photopic ERG and the retinal arteriolar and venular calibers were compared among the study groups. The relationships between ERG parameters and retinal vascular calibers were determined. RESULTS. There were statistically significant differences between diabetic (no-DR and NPDR groups) and control subjects in the amplitudes and implicit times of rod-derived ERG responses, but not in the cone-derived ERG responses. All the oscillatory potential (OP) components (OP1-OP4) were significantly reduced in amplitude and increased in implicit time in the no-DR and NPDR groups. No significant difference was found in any of the ERG parameters between the no-DR and NPDR groups. Of all the ERG parameters examined, only OP4 amplitude correlated significantly with the retinal arteriolar caliber (r ϭ Ϫ0.556, P ϭ 0.006). None of the OP components correlated significantly with retinal venular caliber. CONCLUSIONS. Significant retinal dysfunction was demonstrated in all diabetic patients, even in those without clinically detectable retinopathy, with the rod system being predominantly affected. OP4 amplitude correlates with retinal arteriolar caliber in diabetic patients, suggesting a correlation between retinal neuronal dysfunction and microvasculature changes. (Invest Ophthalmol Vis Sci. 2010;51:482-486)
T he prevalence of type 2 diabetes mellitus is rising rapidly worldwide. It is estimated that 380 million people will have this condition by 2025. 1 Diabetic retinopathy (DR) is the fifth leading cause of blindness worldwide and the leading cause of visual loss in adults of working age in industrialized countries. 1, 2 The retinal neurons and the retinal vasculature are both implicated in the pathogenesis of DR. 3, 4 It is now known that the function of the neural components of the middle and inner retinal layers, detected by electroretinography (ERG), is altered in persons with diabetes before the development of retinopathy. Thus, the ERG has been shown to be a sensitive measure of early neuronal abnormalities, long before DR can be detected clinically. 5 The most common ERG abnormality in diabetic patients without retinopathy is a reduction in the amplitude and increase in the implicit time of the oscillatory potentials (OPs). 6 -9 Other ERG abnormalities that have been observed in persons with diabetes without retinopathy include a reduction in the scotopic b-wave amplitude. 7, 8, 10 Retinal vascular abnormalities are also implicated in the pathogenesis of DR. Studies have demonstrated that retinal arteriolar dysfunction, manifesting as dilatation, is present in diabetic patients without retinopathy 4, [11] [12] [13] and is associated with both the subsequent incidence of clinically detectable DR and with the progression of DR. 14 -16 The relationship between retinal neuronal function and retinal vascular caliber in the early stages of diabetes is unknown. In this study, we investigated retinal neuronal function and the relationship between retinal function and retinal vascular caliber in diabetic subjects with and without early DR.
METHODS
Study subjects were recruited from the Diabetic Retinopathy Clinic at Singapore National Eye Centre and a population-based cohort study (the Singapore Indian Chinese Cohort Eye Study, an extension among Indian and Chinese participants from the Singapore Malay Eye Study), 17 which was being conducted at the Singapore Eye Research Institute. In addition to these two sources, normal control subjects were also recruited from volunteered staff and students of the Singapore National Eye Centre and Singapore Eye Research Institute (SERI). The study was approved by the Institutional Review Board of SERI and the research procedures adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all participants at enrollment.
The subjects were subdivided into three study groups of normal control (group 1, control), subjects with diabetes and no clinically detectable retinopathy (group 2, no-DR), or subjects with nonproliferative (background) diabetic retinopathy (group 3, NPDR). All subjects in groups 2 and 3 had type 2 diabetes mellitus, which was diagnosed based on a combination of a physician-ascertained history of diabetes, use of diabetic medications, and fasting blood glucose levels.
The level of retinopathy (no-DR or NPDR) was graded by study ophthalmologists who used slit lamp microscopy with 78-D lens and indirect ophthalmoscopy based on a modified Arlie House Classification of DR, as used in the Singapore Malay Eye Study. 18 Exclusion criteria were type 1 diabetes mellitus, proliferative DR, cataract (LOCS III score Ͼ2), high myopia (Ϫ6 D or greater), macular edema (as determined clinically or on optical coherence tomography or any ocular conditions other than NPDR.
All subjects underwent ERG followed by digital color fundus photographs of both eyes. Assessment of the retinal function was performed with a full-field ERG. Pupils were dilated with tropicamide 1%, and the recordings were performed when the pupils were equally dilated to at least 7 mm. Both eyes were recorded simultaneously. The flash stimulus was delivered by a Ganzfeld stimulator (ColorDome; Diagnosys LLC, Lowell, MA). An electrophysiology system (Espion E2; Diagnosys LLC) was used for stimulus generation and data acquisition. The ERG was recorded using Dawson-Trick-Litzkow disposable fiber electrodes (DTL; Diagnosys LLC) 19 and complied with International Society for Clinical Electrophysiology of Vision (ISCEV) standards. 20 In brief, the recording protocol consisted of dark-adaptation for 20 minutes, after which scotopic ERG, maximum ERG, and dark-adapted oscillatory potentials (OPs) were recorded. After the dark-adapted ERGs, the eyes were light-adapted for 10 minutes, and the photopic ERG and 30-Hz flicker ERG were recorded. The outcome measures were the response amplitudes and implicit time of each ERG component.
Measurements of the response amplitude were between baseline and trough for the a-wave and between peak and the preceding trough for the b-wave (Fig. 1 ). All implicit time measurements were taken between stimulus onset and the specific response.
Digital color photographs of the fundus (ETDRS standard field 1, centered on the disc) were taken after the ERG using a nonmydriatic retinal camera (CD-DGi; Canon, Singapore) based on the standardized protocols. 18 Retinal vascular caliber (arteriolar and venular) was measured with a computer-based program according to a previously validated protocol. 14, 21 In brief, all arterioles and venules coursing through an area one half to one disc diameter from the disc margin were measured and expressed as the central retinal artery and vein equivalents. These equivalents represented the average of projected calibers for the central retinal vessels.
Kruskal-Wallis and Mann-Whitney U tests were used to estimate the level of significance for the difference in the ERG parameters among the study groups as appropriate. The results were evaluated without (P ϭ 0.05) and with the Bonferroni correction for 23 ERG parameters (P ϭ 0.05/23 ϭ 0.0022) to minimize type I error associated with multiple independent ERG components examined. The Bonferroni correction assumes that all the ERG parameters tested are independent from one another; however, many of the ERG components were highly correlated such as the amplitudes of the maximum and photopic ERG a-and b-waves. As a result, the use of Bonferroni correction in these cases was likely to be an overcorrection. Pearson's correlation coefficient and multiple linear regression analysis were used to determine the relationship between ERG parameters and retinal vascular caliber.
RESULTS
A total of 42 subjects were recruited for the present study. The mean age of the control group was slightly younger than that of the no-DR and NPDR groups; however, the differences were not statistically significant (P ϭ 0.074). A summary of demographic and clinical data of the participants is presented in Table 1 . ERG and retinal vascular caliber data from only the right eye are presented, as results were similar in analysis of the left eye. Typical response waveforms of various ERG components from a normal subject are presented in Figure 1 .
Initial screening of the ERG data showed that there were statistically significant (P Ͻ 0.05) differences between the diabetic (no-DR and NPDR groups) and normal control groups in scotopic ERG response amplitudes and implicit times, maximum ERG a-and b-wave implicit time, and in implicit times for photopic single-flash a-wave and 30-Hz flicker ERG ( Table 2 ). All the OP components (OP1-OP4) were significantly reduced in amplitude and increased in implicit time in the no-DR and NPDR groups compared with that of the normal control subjects at the P ϭ 0.05 level (Table 2) . However, when we applied the Bonferroni correction and used a threshold significance level of P ϭ 0.0022, rather than P ϭ 0.05, the scotopic b-wave amplitude and implicit time, maximum ERG a-wave implicit time, amplitudes of OP1-OP4, implicit times of OP2, and the summed OP time were the only ERG parameters that remained significantly different between the study groups ( Table 2) .
There was no significant difference between no-DR and NPDR group for response amplitudes or implicit times of any of the ERG parameters. The differences in OP amplitude and implicit time between no-DR and NPDR group were not statistically significant for any of the OPs (Fig. 2) .
There was no significant difference in retinal arteriolar caliber or retinal venular arteriolar caliber among the study groups. A summary of the retinal vascular caliber data is presented in Table 3 .
The relationships between retinal vascular caliber and various ERG parameters were determined in patients with diabetes. Retinal arteriolar caliber was significantly negatively (inversely) correlated with OP4 amplitude (r ϭ Ϫ0.556, 95% confidence interval [CI], Ϫ0.792 to Ϫ0.175, P ϭ 0.006) but not with other OP components (Fig. 3) . However, retinal arteriolar caliber was not significantly correlated with OP4 amplitude in the control group (P ϭ 0.5362). There was no significant association between retinal venular caliber and any of the OP components. None of the others ERG parameters, including the scotopic ERG b-wave amplitude, were significantly correlated with either retinal arteriolar caliber or retinal venular caliber. Multiple linear regression analyses were performed for OP amplitudes and retinal vessel calibers and a similar finding was obtained that only the OP4 amplitude was significantly associated with retinal arteriolar caliber ( Table 4) .
DISCUSSIONS
The electrophysiological findings from the present study indicated that the rod system was predominantly affected in both the no-DR and NPDR groups. Both the response amplitude and implicit time were abnormal for rod-derived ERG responses, whereas, the cone-derived ERG responses were not significantly altered. These observations are consistent with previously published data. 6 -10 New observations from this study include a lack of significant differences in ERG responses between diabetic subjects with and without retinopathy (no-DR versus NPDR group), suggesting that there is a substantial retinal dysfunction in the early stages of diabetes. The difference in the OP amplitude between the no-DR and NPDR groups was minimal for OP1, and this difference increased progressively toward OP4. The retinal mechanism involved in this phenomenon is unclear and requires further investigation. It is possible that a significant difference in OP4 amplitude between no-DR and NPDR was not detected because of the small sample size.
There have been no published data to our knowledge on the relationship between oscillatory potentials and retinal vascular caliber in diabetic retinopathy. Oscillatory potentials are low-amplitude oscillations (numbered OP1-OP4) superimposed on the ascending limb of the ERG b-wave. The OPs are thought to reflect the function of the inner retina and are sensitive to changes in retinal circulation. 9, 22 Our data showed that there was a significant negative correlation between OP4 amplitude and retinal arteriolar caliber, but not other OP components, suggesting that OP4 could reflect early microvascular dysfunction. These findings also support the hypothesis that retinal arteriolar dilatation is a physiological indicator of microvascular dysfunction in diabetes. 15, 23, 24 It has also been shown that retinal venular dilatation occurs mainly in established DR, 24, 25 which may explain the lack of correlation between the OP amplitude and retinal venular caliber in this study.
It is believed that the OPs are derived from the activities, interactions, and biofeedback mechanisms of cells within the interplexiform layers of the retina. 9 Although the exact cellular contribution to each individual OP remains unknown, observations of the OPs in various retinal diseases indicated that individual OP may represent different cellular origin, and thus the OP responses are differentially affected in a diseased retina. 9, 26, 27 For example, in patients with the complete type of congenital stationary night blindness (CSNB), in which the ON-pathway is affected, the dark-adapted OP1 is well preserved but OP2, -3, and -4 are attenuated (Luu CD, unpublished clinical data, 2002). It has also been reported that OP2 and -3 of the suprathreshold photopic ERG are selectively absent in CSNB. 27 The results of our study suggest that OP4 may origi- nate partly from retinal cells and mechanisms that are sensitive to microvascular changes. Further studies are necessary to enhance our understanding of the cellular contribution to OP4 and its association with retinal arteriolar caliber.
We did not examine the relationship between the OP parameters and the retinal vascular caliber separately for each no-DR and NPDR group because of a small sample size. Nevertheless, there was no significant difference in the mean retinal arteriolar caliber between the no-DR and NPDR groups (P ϭ 0.264). Thus, it is unlikely that the severity of retinopathy contributes to the association between OP4 and retinal arteriolar caliber. It is possible that retinal arteriolar dilatation is associated with physiological changes in the retina and that the OP4 parameter is sensitive to these changes. We plan to conduct a prospective study with a larger sample size to explore this relationship further.
In summary, the results of this study indicate that there is a substantial retinal dysfunction in the early stages of diabetes, even in patients with no clinically detectable retinopathy, with the rod-derived ERG responses affected more than the conederived ERGs. The finding of a significant correlation between OP4 amplitude and retinal arteriolar caliber is novel and requires further studies to clarify the underlying pathophysiology and validate its clinical usefulness in predicting the development of DR. 
